The effect of chemical modification of aromatic and basic residues of the Bacillus thuringiensis insecticidal CrylA(c) toxin on toxicity and receptor binding was studied. Modification of four or more of the 43 arginine residues resulted in abolition of toxicity towards Manduca sexfa and Pieris brassicae in vivo and a Choristoneura fumiferana cell line in witro. Modification of seven or more of the 27 tyrosine residues resulted in reduction of toxicity. Upon modification of most of the 10 tryptophan residues, toxicity was reduced. Modification of histidine residues had no effect on toxicity. A quantitative binding assay was developed and optimized to compare the binding of derivatives with native toxin t o M. sexta brush border membrane vesicles. The reduction or abolition of toxicity observed upon selective modification of tyrosine or arginine residues was reflected in the binding abilities of the derivatives. However a non-toxic derivative, modified at tryptophan residues, retained its ability to bind vesicles. These results suggest that tyrosine and arginine residues are involved in the binding interaction of toxin with receptor but tryptophan residues are involved in some subsequent step.
INTRODUCTION
Baczllzrs tbzlringiensis produces crystalline protein inclusions during sporulation which are toxic to insect larvae in the orders Lepidoptera, Diptera and Coleoptera. These crystals (d-endotoxins) consist of one or more polypeptides which are protoxins, requiring solubilization and proteolysis in the insect gut in order to form an active toxin. Current evidence indicates that the d-endotoxins act by a two-step mechanism whereby the activated toxin first binds specifically and with high affinity (kd = 0.1-20 nM) to protein receptors in the midgut epithelium (Hofmann et LZ/., 1988a, b ; Van Rie e t al., 1990) . The toxin then inserts into the membrane to create a functional 'pore' of Abbreviations: BBMV, brush border membrane vesicles; CHD, 1,2-cyclohexanedione; DEP, diethyl pyrocarbonate; DHNBS, dimethyL(2-hydroxy-5-nitrobenzyl) sulphonium bromide; HNBBr, 2-hydroxy-5-nitrobenzyl bromide; NBSF, p-nitrobenzenesulphonyl fluoride; PGO, phenylglyoxal; TNM, tetranitromethane; TBS, Tris-buffered saline.
1-2 nm diameter leading to colloid osmotic lysis (Knowles & Ellar, 1987) .
It has been proposed that for the Lepidopteran specific CryIA(c) toxin the toxin-receptor interaction is lectinlike, with N-acetylgalactosamine (GalNAc) forming part of the receptor present in Choristonezrra fzimzferana cells (Knowles e t al., 1984) and Mandzlca sexta gut membranes (Knowles e t al., 1991) . Recently aminopeptidase-N on the surface of the gut epithelial cells of M . sexta has been identified as a receptor for CryIA(c) (Knight e t al., 1994) .
Studies of GalNAc-binding lectins such as soybean agglutinifi, wheat-germ agglutinin and ricin D suggested that aromatic amino acid residues on the protein surface are involved in the binding interaction between these lectins and the sugar (Swamy & Surolia, 1989; Privat e t al., 1976; Hatakeyama et al., 1986) . The receptor-binding site for the influenza virus haemagglutinin has been shown to consist of mainly aromatic residues involved in hydrogen bonding to the sialic acid moiety on the receptor (Weis e t al., 1988) . Sequence alignment of the majority of known B. thuringiensis toxins (Hodgman & Ellar, 1990) 0001-8960 0 1994 SGM identified hypervariable regions or domains likely to be involved in the binding interaction of toxin to its receptor. These consisted of surface-exposed loops, many containing basic residues.
It was decided to explore the possibility that aromatic and/or basic amino acid residues may be involved in the binding interaction between the CryIA(c) toxin and its specific receptor in susceptible insect midgut membranes. These studies involved chemical modification of tryptophan, tyrosine, histidine and arginine residues in the activated CryIA(c) toxin followed by assay of tl-e derivatives to determine the effect of chemic;il modification on toxicity and binding.
Chemical modification studies have been performed on whole crystals (Bulla e t al., 1977; Pfannenstiel e t al., 1985) and more recently on a purified CryIA toxin and the CryIA(c) protoxin (Yan & McCarthy, 1991 ; Choma 8: Kaplan, 1992 ) in order to identify amino acid residues involved in toxicity. By modification with tetranitromethane (TNM), Yan & McCarthy (1991) have shown that tyrosine residues are involved in the lytic action of an activated CryIA toxin on a Tricboplztsia ni cell line. Tryptophan residues in the B. thuringiensis subsp. kztrstaki HD-1 crystals have been shown by Raman spectroscopy to be exposed on the exterior of the protein (Carey e t al., 1986; Pozsgay et al., 1987) and to be involved in toxicity (Pozsgay et al., 1987; Pusztai e t al., 1991) .
In vitro binding assays which measure binding of toxin to brush border membrane vesicles (BBMV) prepared from the guts of sensitive insects have been described in both qualitative (Knowles et al., 1991) and quantitative terms (Hofmann e t al., 1988a, b ; Van Rie e t al., 1989; Garczynski et al., 1991) . Quantitative measurements required iodination of the toxin, which may itself alter the binding properties of the toxin (Hofmann et al., 1988a) . For our purposes a quantitative radioimmunoassay, which did not require labelling of the toxin, was developed and optimized.
METHODS
Bacterial growth and toxin purification. B. thuringiensis subsp. kursta.ki HD-73 was obtained from the Northern Regional Research Laboratories, Illinois, USA. This strain produces a single b-endotoxin, classified as CryIA(c) (Hofte & Whiteley, 1989) . Growth, sporulation and crystal purification were carried out as previously described (Thomas & Ellar, 1983) . Pure, activated 67 kDa CryIA(c) toxin was prepared by the method of Bietlot et al. (1989) and stored in deionized water at 4 "C.
Chemical modifications of CrylA(c) toxin
Prior to all derivatizations an aliquot of pure activated Cry1 A(c) toxin was centrifuged at l O O O O g at 20 "C for 5 min and the pellet resuspended in the desired buffer to a concentration of 1-5 pM by sonication. Any material insoluble in the buffer was removed by centrifugation as above. The concentration of CryIA(c) toxin derivatives was estimated from the absorbance at 280 nm and then calculated by amino acid analysis, using an absorption coeAicient of 4 x lo5 M-' cm-l. All absorption spectra were measured on a Perkin-Elmer Lambda 5 UV/visible spectrophotometer. Unless otherwise stated excess reagents were removed by extensive dialysis against five changes of 5 1 50 mM Na,CO,/HCl, pH 10.5, buffer at 4 "C overnight. For every derivatization, a sample of native toxin at the same concentration and under the same conditions was taken through each step of the derivatization procedure but in the absence of the modifying reagent. Details of the modification procedures are given below for each reagent. Oxidation of tryptophan residues with H,O,/dioxane. TO 112 pl of dioxane containing the desired H 2 0 2 concentration, a 1 ml solution of toxin in 0.56 M NaHCO,, pH 8.3, was added, and the solution mixed for 2-4 h at 20 OC. The reaction was followed spectrophotometrically. The reaction was quenched by the addition of 0.1 mM N-acetyl-L-tryptophan. Alkylation of tryptophan residues with nitrophenols. The method of Koshland et al. (1964) was adapted. -2-Hydroxy-5-nitrobenzyl bromide (HNBBr) at concentrations ranging from 0.33 to 18 mM was added as a solid or from a 3 mM stock solution (in the same buffer) to a 1-2 pM solution of toxin in 0.1 M acetate/acetic acid, pH 3.0/50/0 (v/v) methanol. The reaction was mixed in a rotator for 3 h at 20 "C. The extent of reaction was determined by monitoring the absorption spectrum between 250 and 450 nm prior to reaction and after dialysis. Similar conditions were used for modification with dimethyl-(2-hydroxy-5-nitrobenzyl) sulphonium bromide (DHNBS) except for the exclusion of methanol in all buffers. Modification of tyrosine residues with p-nitrobentenesulphony1 fluoride (NBSF). Modification with NBSF was performed by adding a small aliquot of 50 mM NBSF in 2-propanol of the desired concentration to toxin solubilized in 50 mM Na2C0,/ HC1, pH 10.5. The mixture was stirred for 1-3 d at 20 "C.
Nitration of tyrosine residues with TNM. Nitration with TNM was carried out according to Riordan & Vallee (1972) . Various concentrations of TNM from a concentrated stock solution in ethanol were added to toxin solubilized in 0.1 M Tris/HCl, pH 9.0, and mixed for 1 h at 20 OC. The reaction was followed by measuring the absorption spectrum between 350 and 450 nm.
Modification of histidine residues with diethyl pyrocarbonate (DEP). Toxin was dissolved in 0.2 M Na2HP0,/ NaH,PO, buffers at pH 6.2 and 8.0. DEP was added from a stock solution in ethanol at the required concentration. The reaction was left to proceed for 1-12 h at 20 "C and was monitored by UV difference spectroscopy between 200 and 300 nm. The UV spectrum was taken against a blank containing the same concentration of native toxin in the same buffer.
Modification of arginine residues with phenylglyoxal (PGO).
The method of Mukherji & Bhaduri (1986) was followed. The reaction was carried out in 50 mM Na2C0,/HC1, pH 10.5. Various concentrations of phenylglyoxal were added to the toxin from a stock solution in Me,SO and the solution mixed in a bleed rotor at 20 OC for 1 h. Modification of arginine residues with 1,2-cyclohexanedione (CHD). The method of Patthy & Smith (1975) was used. A range of concentrations of freshly dissolved CHD were added to toxin in 0.1 M sodium tetraborate, pH 9.0 and the reaction mixture flushed with N,. The reaction was left to proceed in the dark for 2 h at 37 "C followed by extensive dialysis against 50 mM sodium tetraborate to remove excess reagents. Toxicity assays. Second-instar Pieris brassicae larvae weighing 20 mg were fed horseradish leaf discs (24 mm diameter) which had been covered uniformly with 5 or 20 p1 of toxin at the desired concentration. Five larvae were used per leaf disc and at least three replicates were performed for each sample concentration. The percentage of the leaf which was eaten after 48 h at 25 OC was judged by eye and toxicity expressed as IC,,, the concentration of toxin giving 50% inhibition of feeding. IC,, (Poitout & Bues, 1972) in each well of a 24-well microtitre plate, and one larva was placed in each well. At least three larvae were tested at each toxin concentration. The weight of each larva was noted after 5 d at 25 "C and toxicity expressed as ED5,, the toxin concentration giving 50 YO inhibition of weight gain. ED,, values were determined by a modified Probit analysis (Miss N. Best, MRC Laboratory, Cambridge, UK). In some cases, a simpler quantitative toxicity assav was performed whereby only one concentration of toxin was used m d toxicity was expressed as the percentage weight gain of three larvae compared to larvae fed no toxin. M. sexta eggs were supplied by D r Stuart Reynolds (Department of Biological Sciences, Bath University, UIC). The C. fzlmzferana cell line used was maintained as previously described (Thomas & Ellar, 1983) . Cells were assayed in PBS (Dulbecco A, Oxoid) and viability assessed by Trypan Blue exclusion (Thomas & Ellar, 198.3) . In all cases, appropriate controls of native toxin and assays in the absence of' toxin were carried out at the same time. BBMV preparation and binding assays. BBMV were prepared using the Mg2+ precipitation method (Wolfersberger et al., 1987) using final-instar larvae. The protocol for qualitative BBMV binding followed was essentially that of Knowles e t al. (1991) . Fifty micrograms of BBMV were incubated with 5pg of activated toxin or derivative in a final volume of 85 pl of PBS/0*1 o,,) (w/v) BSA for 30 min at room temperature (20 "C). The mixture was centrifuged at 12000g for 10 min and the pellet washed with PBS containing 0.1 YO (w/v) BSA. The final pellet (containing bound toxin) and supernatant (containing unbound toxin) were analysed by SDS-PAGE and immunoblotting. Quantitative binding of toxin to BBMV was carried out in a similar manner. Ratios of BBMV : toxin used were 10 : 1 or 20 : 1 (w/w). ,?fter centrifugation and washing of the pellet it was resuspended in a volume of PBS/O*5 % (w/v) SDS containing 5 mM Na,C03/HC1, pH 10.5, to give the equivalent of 50 pg of BBMV in 10 pl. Dilutions were ,then made in the PBS/SDS/carbonate buffer. Ten microlitres of each dilution was placed onto the centre of 1 cm diameter nitrocellulose filters in triplicate and allowed to dry. The filters were incubated in 3 % (w/vj haemoglobin in 10 mM Tris/HCl, pH 7.4/150 mM NaCl (Tris-buffered saline, TBS) for 2 h followed by a 2 h incubation in fresh buffer with the addition of 0.1 % (v/v) primary Cry IA antiserum (the generation of which has previously been described : Knowles et al., 1986) . Excess antiserum was removed by five washes in TBS, then the nitrocellulose filters were incubated with 3 YO (w/v) haemoglobin in TBS with 0.08% ( N~/ V ) protein G containing a small amount of 12,1-labelled protein G (ratio labelled : unlabelled 1 : 100, w/w) for 2 h. Excess protein G was removed by five washes in TBS, and the filters were dried and their radioactivity measured using a gamma counter (Canberra Packard). SDSPAGE and immunoblotting. SDS-PAGE was carried out by a modification of the method of Laemmli & Favre (1973) as previous!! described (Thomas & Ellar, 1983) . Proteins separated by SDS-PAGE were electrophoretically transferred to nitrocellulose membrane by the method of Towbin e t al.
(1 979), using a Bio-Rad semi-dry trans-blot apparatus. The transfer buffer was 39 mM glycine/48 mM Tris/0.0375
Toxin was detected by incubation of the nitrocellulose with 3 % (w/v) haemoglobin in TBS for 2 h to block non-specific binding sites followed by a 2 h incubation in 3 % (w/v) haemoglobin in TBS containing 0.2% (v/v) of primary CryIA antiserum. Excess antiserum was removed by five washes in TBS and the nitrocellulose incubated with 3 YO (w/v) haemoglobin in TBS containing 0.1 YO (w/v) peroxidase-conjugated goat anti-rabbit IgG (Sigma) for 2 h. Excess secondary antibody was removed by five washes in TBS. Bound antibodies were detected by incubation with 30 mg 4-chloro-1-naphthol in 10 ml methanol and 20 pl H,O, in 50 ml TBS for 2-4 min (Hawkes et al., 1982) . The reaction was terminated by washing in distilled water. N-terminal protein sequencing. Proteins separated by SDS-PAGE were electroblotted onto ProBlott membrane (Millipore). Excised Coomassie Blue stained bands were applied to the sample cartridge of an Applied Biosystems 477A gasphase sequencer. Sequence analysis was performed using standard RUN 477-1 software under the control of a 900A data/controller module. The phenylthiohydantoin amino acid derivatives were analysed on-line using a 120A PTA-amino acid analyser. Amino acid analysis. This was carried out on a Pharmacia Alpha Plus-I1 amino acid analyser. Protein samples were hydrolysed with 6 M HC1 in vaczlo at 110 "C for 22 h. The number of amino acid residues modified was calculated in all cases from the difference between the amount of a specified amino acid in the native toxin and that in the modified toxin. Materials. All chemicals were obtained from standard commercial sources. 1251-labelled protein G was obtained from Amersham. The specific activity of the 1251-labelled protein G was 23.0 mCi mg-' (851 MBq mg-l) on its date of arrival and it was used within a month of this date.
RESULTS

Modification of tryptophan residues
Activated CryIA(c) toxin contains 10 tryptophan residues (Bietlot e t a/., 1989). Increasing numbers of tryptophan residues were oxidized as the H 2 0 2 concentrations increased from 0-1 to 500 mM, as observed by reduction in the indole absorption peak at 280 n m (Table 1) . A t a concentration of 200 m M a n d above, H 2 0 2 totally removed the Azso peak. Quantification of the extent of oxidation, using the change in was n o t carried o u t since the baseline of the absorption spectrum shifted considerably throughout the experiment. This could be the result o f side-reactions, such as further tryptophan oxidation products, surface tyrosine oxidation (Hachimori e t al., 1964) o r aggregation of the protein.
Toxicity towards P. brassicae larvae was abolished only with higher concentrations of H 2 0 2 (200 mM a n d above), when most of the indole absorption peak was removed (Table 1 ). T h e oxidizing power of H,02 under the conditions used is moderate and therefore relatively specific b u t this reagent may also modify cysteine residues (not of concern in this study since activated CryIA(c) toxin contains no cysteine residues: Bietlot e t a/., 1989) and methionine residues (Hachimori e t al., 1964) . 2-Hydroxy-5-nitrobenzenyl bromide, ' Koshland's reagent' (HNBBr) (Koshland e t al., 1964) and its water- Table I . Toxicity of CrylA(c) toxin derivatized at tryptophan residues
Qualitative in vivo toxicity assays were carried out on second-instar P. brassicae larvae as described in Methods. Five microlitres of toxin derivatives and native toxin were applied (100 pg ml-l). Toxicity was expressed as +, toxic; -, non-toxic. For the M. sexta toxicity assay, 20 pl of a solution (10 pg ml-') of either derivative or native toxin was used. Toxicity was expressed as the weight gain of a larva (mean of three larvae) as a percentage of the weight gained by a control larva (mean of three larvae) fed no toxin. Values given are the mean and the standard error of the mean ( s m ) of the percentage weight gained for the three insects. Toxicity in vi.fro was measured as described in Methods using 20 pg toxin ml-'. Toxicity was expressed as a percentage of maximum toxicity, native toxin being taken as having 100% and buffer as 0 % toxicity. The values given are the means and standard error of the mean (SEM) of three experiments. Native toxin always killed > 70 % of the cells and buffer alone < 10%. Also shown in column 6 is the effect of the modification on the toxin's absorbance peak at 280 nm. ND, Not determined. Fig. 7 . Absorption spectra of 1-2 pM CrylA(c) toxin after alkylation with 18 mM nitrophenols in 0-1 M acetate/acetic acid buffer, pH 3.0 (HNBBr alkylation included 5% MeOH). Curve A, the spectrum obtained after alkylation with DHNBS; curve B, the spectrum obtained after alkylation with HNBBr.
Reagent
soluble derivative dimethyl-(2-hydroxy-5-nitrobenzyl) sulphonium bromide (DHNBS) (Horton & Tucker, 19'70) were both used to modify selectively the tryptophan residues of CryIA(c). These reagents are highly specific for tryptophan, cysteine being the only other susceptible residue (Horton & Koshland, 1965) . Absorption peaks at 420 nm were obtained as the solution turned yellow (shown for one concentration of reagent in Fig. 1 ). The more concentrated the nitrophenol, the more intense the reaction. DHNBS, the water-soluble reagent, was found to be less reactive than the original native nitrophenol. Although quantification of the extent of tryptophan modification has been carried out spectrophotometrically (Koshland et a] ., 1964) assuming E of the tryptophan derivative to be the same as that of HNBOH, no quantification was attempted here since occasional binding of two HNB groups to one tryptophan residue has been reported (Loudon & Koshland, 1970) . Reduced toxicity was observed with the highest concentration of HNBBr but the same concentration of DHNBS had no effect (Table 1) .
Tyrosine modification
CryIA(c) toxin tyrosine residues were modified using NBSF and TNM. With the tyrosine-specific reagent NBSF, modification of seven of the 27 tyrosine residues yielded a derivative non-toxic to P. brassicae larvae. Modification of six residues gave a less toxic derivative and modification of five or less had no effect on toxicity (Table 2 ). During the course of the reaction a creamcoloured precipitate formed. The nonpolar nature of the side-chain introduced presumably rendered the derivative insoluble. formation of nitrotyrosine. Analysis of the derivatives by SDS-PAGE revealed some polymerization of the toxin in all cases to give 130 kDa, 260 kDa and higher molecular mass polymers (data not shown). The majority of the toxin however remained in the monomeric form. Polymerization is a common side-reaction of TNM (Cheng & Pierce, 1972) . Amino acid analysis revealed that from six to 18 tyrosine residues were modified and in zdro toxicity data indicated that after seven residues were modified toxicity was abolished (Table 2) . These results agree with the data obtained with NBSF modification., i.e. that once seven tyrosine residues are modified, toxici7y is abolished. It is important to note that TNM maj' be accompanied by side-reactions, such as oxidatior. of methionine residues, modification of tryptophan and histidine residues, as well as oxidation of thiol groups. As stated above, activated CryIA(c) toxin contains no cysteine residues. Amino acid analysis revealed no change in content of histidine residues following nitration with TNM (data not shown). Yan & McCarthy (1991) showed that it is unlikely that tryptophan residues are modified to any extent under the conditions used in this study.
Modification of histidine with DEP
CryIA(c) at a concentration of 1 pM in 0.2 M phosphate buffers at p H 6.2 and 8-0 was found to react with DElP at a molar ratio of reagent:protein of 2000: 1. The UV difference spectrum showed the course of the reaction (Fig. 2) . At pH 6.2 an increase in the absorbance centred at 233 nm was observed, indicating carbethoxylation of the histidine residues. At pH 8-0 a decrease in the absorption at 278 nm accompanied the
N -
carbethoxyhistidine peak indicative of tyrosine 0-carbethoxylation (Burstein e t a/., 1974) . Both of these derivatives retained toxicity towards P. brassicae larvae (data not shown).
Modification of arginine residues
Reaction of a 2.5 pM solution of CryIA(c) in 0.1 M borate buffer pH 8.4 with increasing concentrations of CHD resulted in progressive modification of arginine residues without significant changes in the composition of other amino acids (Table 3) . Toxicity was reduced once four arginines had been modified and completely abolished when eight had reacted.
To confirm the inactivation of CryIA(c) by specific modification of more than four arginine residues, the toxin was modified with a different but more reactive four arginine groups were modified, toxicity was abolished (Table 3) . Derivative P G 0 4 onwards, corresponding to modification of seven or more arginine residues, had lost toxicity. When only two arginine residues were modified (derivative P G 0 3 ) toxicity was reduced.
The reactivity of PGO with a-amino groups of proteins can result in the deamination of the amino-terminal residue to give an a-keto acyl derivative (Takahashi, 1968) , which would block N-terminal sequencing of such a derivative. N-terminal sequence analysis revealed that the N-termini were not significantly blocked and therefore unaffected by PGO. No change in the content of other amino acids was observed for any derivatives when compared with the native toxin by amino acid analysis (data not shown).
Qualitative binding of toxin derivatives
In order to determine whether the loss in toxicity of any derivative is due to inhibition of the binding step, the ability of derivatives to bind M . sexta BBMV was investigated. With CryIA(c) toxin derivatives modified at arginine residues, the observed binding reflected the toxicity data (Fig. 3a, b ). Any derivatives which had lost toxicity had also lost the ability to bind to the BBMV. With the PGO-modified derivatives (Table 3) no binding was observed with derivatives PG03-PG05, and reduced binding with derivative P G 0 2 , whilst derivative PGOl was able to bind (Fig. 3a shows P G O l and PG03). In no case did toxin appear in the pellet in the absence of BBMV, indicating that the modification had no adverse effect on toxin solubility. Of the 4 CHD derivatives (Table  3 ) the non-toxic derivative CHD4 bound BBMV to an extent of about 50 O/O of native toxin whilst the other three derivatives bound to a comparable extent to native toxin ( Fig. 3b shows CHDl and CHD4).
Toxins modified at tyrosine residues with TNM (Table 2) which were found to be non-toxic also showed reduced binding when compared with native toxin (one such derivative is shown in Fig. 4a ). Some derivative was seen in the pellet but since control experiments in the absence of BBMV were not conducted, this appearance of derivatized toxin in the pellet could be due to insolubility of the derivative.
The same binding experiment was performed using derivatives alkylated at tryptophan residues by nitrophenols (Table 1) . Fig. 4(b) shows that in contrast to all the derivatives studied so far, the HNBBr-modified non-toxic derivative bound to BBMV to an extent comparable to native toxin (compare tracks 5 and 6 with 1 and 2). The DHNBS derivative which retained toxicity bound to a similar extent to native toxin (compare tracks 13 and 14 with 9 and 10). Only a very small amount of toxin appeared in the pellet in the absence of BBMV, suggesting that these nitrophenol derivatives are soluble in the buffers described.
Quantitative binding of toxin derivatives
To quantify the extent of binding of a derivative compared with the native toxin, the previously described qualitative binding assay was made quantitative by replacing the secondary antibody with 1251-labelled protein G. Assuming that the number of anti-toxin antibody molecules binding toxin is proportional to the amount of toxin present, and that also one protein G molecule binds one anti-toxin antibody molecule, then this gives an indirect but quantifiable measure of the amount of toxin present in the BBMV/toxin pellet.
CryIA(c) toxin derivatives chemically modified at arginine residues were assayed in quantitative terms using the optimized binding assay described above (Fig. 5) . Derivatives PG03-PG06 showed no or negligible bind- ing. Derivatives PGOl and P G 0 2 bound to an extent comparable to native toxin (Fig. 5) . These results mirror those obtained from the toxicity data and qualitative binding assay results.
Quantitative binding data from CryIA(c) toxin derivatives modified at arginine residues by the reagent C H D are shown in Fig. 6 . The toxic derivative, CHD1, binds to BBMV to an extent comparable to the native toxin. The non-toxic derivative CHD4 showed reduced binding.
The percentage binding of each derivative compared to native toxin (assumed 100 % binding) was calculated from this equation :
where m, and m 2 are the gradients of the lines drawn through the graphs for the derivative of interest and native toxin, respectively. Table 4 summarizes the quantitative binding data for all derivatives tested in this assay and compares them with the toxicity data obtained against M. sexta.
The chemical modifications reported d o not destroy the binding of antibody to toxin, as determined by using the quantitative sandwich antibody assay to screen known concentration ranges (determined by amino acid analysis) of the native toxin and the various derivatives. In no case was any difference in the sensitivity detected under the conditions used in this assay (data not shown).
DISCUSSION
The present study was undertaken to investigate which amino acid residues are involved in the binding of a B. Chemical modification of histidine residues revealed no involvement of these residues in toxicity.
The assay used to investigate the binding abilities of the derivatives synthesized measures the binding of toxin to BRMV membrane followed by insertion of the toxin into the membrane (Knowles e t al., 1991) . It is important to note therefore that the assay described is actually a binding and insertion assay. The assay can, however, distinguish whether the loss in toxicity of a derivative is due to loss in the binding ability or disruption of a subsequent step. Insertion cannot precede binding, so that if a non-toxic derivative fails to bind to BBMV in these assays, the loss in toxicity must be due to disruption of, at the very least, the binding step. If a non-toxic derivative retains its ability to bind BBMV, then the disruption must have occurred in some subsequent step in the toxic action. suggested that the effect was due to protonation of the tyrosine residues (Gringorten et al., 1992) . Tyrosine modification may be disrupting the conformation of a loop region in the toxin which subsequently can no longer fit into the binding site of the receptor. Alternatively, the tyrosine residue(s) affected may be involved in hydrogen bonds or Van der Waals interactions between toxin and its receptor. A similar binding interaction has been observed for the heat-labile enterotoxin from E. coli (Sixma e t al., 1992) , which binds to a terminal galactose residue on its receptor in the target cell. The sugar group is held in contact with the binding site of the toxin through extensive Van der Waals and hydrogen bonding with aromatic amino acid residues (Sixma e t al., 1992) .
Reaction of CryIA(c) activated toxin with the tryptophanspecific reagents H,O,/dioxane or nitrophenols indicated that most of the 10 tryptophan residues needed to be modified before toxicity was abolished. Of particular interest was the fact that a non-toxic CryIA(c) derivative modified with the nitrophenol, HNBBr, still retained its ability to bind BBMV to an extent comparable to the native toxin. In other words, this derivative was still able to bind its receptor but presumably was no longer capable of inserting into the membrane.
Other studies have related the destruction of tryptophan residues with loss in toxicity (Pozsgay etal., 1987; Pusztai et al., 1991 ; Cohen e t al., 1991) . O n mapping the sequence of the CryIA(c) toxin onto the CryIIIA three-dimensional structure (Li et al., 1991) by alignment of the two toxin sequences (Hodgman & Ellar, 1990) it is seen that seven of the 10 tryptophan residues in CryIA(c) map onto positions falling within domain I of the crystal structure of CryIIIA, the putative membrane-inserting domain, and most of these are located within the hydrophobic interior of the helix bundle. Although in general chemical modification reagents are expected to modify surfaceexposed residues, HNBBr has an apparent affinity for hydrophobic residues (Loudon & Koshland, 1970) , so permitting it access to the non-surface-exposed regions of the toxin where the tryptophan residues in the CryIA(c) toxin described above are predicted to be located. As described, the generally accepted theory for the mode of action of B. thzlringiensis 8-endotoxin postulates that after binding to a receptor in the insect midgut the toxin undergoes a conformational change and inserts into the membrane to form a pore (Knowles & Ellar, 1987) . The tryptophan residue(s) found to be involved in toxicity but not binding (described above) may be involved in this pore-forming step. Tryptophan residues, being hydrophobic and bulky, may be involved in the folding of the toxin to the correct conformation for membrane insertion. Alternatively, the tryptophan residue(s) may be directly involved in pore formation.
Of the basic residues of activated CryIA(c) toxin which were modified, arginine residues were found to be essential for toxicity but histidine residues were unimportant. Qualitative and quantitative binding assays indicated that arginine modification has occurred at residues involved in the binding interaction. The basic arginine residues may be involved directly in maintaining an electrostatic attraction to negatively-charged residues in the receptor binding site. In the model for pore formation by Colicin A, the first phase of the interaction of toxin with membrane is electrostatic interaction of positively-charged side-chains with lipid headgroups on the membrane (Parker et a/., 1989) .
A recent study utilizing site-directed mutagenesis to modify the CryIA(c) toxin has given some indication that arginine residues located in domain I may be involved in binding. Wu & Aronson (1992) observed that a positive charge in the region of helix a3 in domain I (in particular arginines 87 and 93) is essential for binding of the toxin to M. sexta membranes. The authors proposed that this region may interact directly with residues distal in the linear sequence such as those in the hypervariable Cterminus which have been implicated in specificity. Alternatively, removal of the positive charge in that region may disrupt directly or indirectly the conformation of the specificity domain.
In conclusion, chemical modification has revealed that tyrosine and arginine residues are involved in the binding interaction of CryIA(c) toxin with its receptor in Ad. sexta, whereas tryptophan residues are involved in some post binding step (such as pore formation). A new quantitative assay was established and optimized to compare the binding of derivatized toxins with native toxin.
